Background: It is hypothesized that a solid form of food or food components suppresses subjective appetite and short-term food intake (FI) more than a liquid form. Objective: To compare the effect of eating solid vs drinking liquid forms of gelatin, sucrose and its component mixtures, and whey protein, on subjective appetite and FI in young men. Design and subjects: A randomized crossover design was used in three experiments in which the subjects were healthy males of normal weight. Solid and liquid forms of gelatin (6 g) (experiment 1, n ¼ 14), sucrose (75 g) and a mixture of 50% glucose/50% fructose (G50:F50) (experiment 2, n ¼ 15), and acid and sweet whey protein (50 g) (experiment 3, n ¼ 14) were compared. The controls were water (experiments 1 and 3) and calorie-free sweetened water with gelatin (sweet gelatin, experiment 1) or calorie-free sweetened water (sweet control, experiment 2). Subjective average appetite was measured by visual analog scales over 1 h and ad libitum FI was measured 1 h after treatment consumption. Results: Average appetite area under the curve was not different between solid and liquid forms of sugars, but was larger, indicating greater satiety for solid compared with liquid forms of gelatin and sweet, but not acid whey protein. The FI was not different from that of control because of solid or liquid sugars or gelatin treatments. However, both solid and liquid forms of whey protein, with no difference among them, suppressed FI compared with control (Po0.05). Conclusion: Macronutrient composition is more important than physical state of foods in determining subjective appetite and FI.
Introduction
There are multiple causes for the prevalence of overweight and obesity, many of which are diet dependent. 1 In addition to the specific effects of macronutrients, the physical properties of food influence food intake (FI) regulation. 1, 2 Some epidemiological and experimental studies have provided evidence that obesity may be due to the consumption of caloric beverages, because, compared with solid foods, they have been reported to not suppress appetite [3] [4] [5] and consequently not promote a positive energy balance. 4, 6, 7 However, other experimental studies provide no link between energy intake from liquids and body weight change or FI. 8, 9 Many studies have found that solid and liquid forms of the same foods lead to similar FI. More than 25 years ago, it was reported that solid and liquid forms of the same food (identical mixture of yogurt and fruit in blended or chopped forms) led to similar FI 3 or 6 h later. 10 Similarly, FI was reported to be the same after breakfast (matched for macronutrient contents) with different physical forms (liquid, solid with 87 g locust bean gum or solid with 8 g gelatin). 11 In another study, there was no satiety deficit or difference in FI following the ingestion of a beverage (regular cola) compared with a solid food (cookies); however, FI was lower at 20 min than at 2 h following both preloads, suggesting that the timing of consumption may be more important than the physical form of energy consumed. 12 Liquid preloads have been reported to suppress FI more or less, compared with solid preloads. A liquid preload in the form of tomato soup suppressed FI more than isocaloric solid preloads, including cheese on crackers with apple juice, 13 cheese on crackers alone or melon. 14 In contrast, other studies have reported weaker satiety and energy compensatory effects of liquid compared with solid foods. 3, 15, 16 Whole apples have been reported to be more satiating than apple juice, 17 and watermelon, cheese or coconut, providing greater compensation than isocaloric drinks of watermelon juice, milk or coconut milk in lean and obese adults. 7 In a longer-term study, energy intake was lower in subjects after 4 weeks of consuming jelly beans than soda, supporting the view that liquid foods lead to a positive energy balance. 3 Thus, it is clear that the hypothesis that energy consumed from solid foods evokes a greater satiety response and suppresses energy intake at a subsequent meal compared with liquid foods is unresolved. 2, 4 One possible reason for this is that the majority of studies used familiar foods and beverages, and their consumption, as well as later food consumption, may be affected by learned behaviors. 18 Therefore, the objective of these studies was to further test the hypothesized differences in solid compared with liquids on subjective appetite and FI by eliminating familiarity as a factor in the comparison.
Materials and methods

Subjects
Healthy lean males with body mass index between 18 and 24.9 kg m À2 and an age range of 19-28 years were recruited for the three experiments through advertisement postings around St George Campus of the University of Toronto. Diabetics (fasting blood glucose X7.0 mmol l
À1
), smokers, breakfast skippers or dieters were excluded from the experiments. Individuals under medications or with a history of liver or kidney disease and a major medical or surgical event within the last 6 months were excluded. Restrained eaters were identified by a score of 11 or higher on an Eating Habits Questionnaire 19 and excluded from the experiments.
In total, 14 subjects in experiments 1 and 3 and 15 subjects in experiment 2 completed the sessions. Sample size was calculated on the basis of previous short-term FI studies on sugar 20 and protein. 21, 22 Subjects were financially compensated for participating in the studies. The Human Subjects Review Committee of the Ethics Review Office of the University of Toronto approved the procedures of the experiments.
Treatments
To provide the solid state of the treatments, pure gelatin (Pork Skin Gelatin, Nitta Gelatin Canada, ON, Canada) was added to water (Crystal Springs, Quebec City, QC, Canada). Gelatin solubilizes quickly in the stomach and is rapidly digested 23 and does not influence nutrient absorption in the gut. 11 Gelatin has previously been used as a vehicle for providing different physical states in the study of satiety and FI, 11 but its effects when consumed alone have not been examined. Therefore, in experiment 1, its suitability as a vehicle for testing the liquid vs solid food hypothesis was examined. All 14 subjects underwent five treatments, which included consumption of liquid and solid gelatin, caloriefree sweetened water with and without gelatin and water. Gelatin was added to the liquid form immediately before consumption, whereas the solid form was prepared by letting the treatment set for 3 h at 4 1C after mixing. Gelatin (6 g) and sucralose (0.13 g, McNeil Specially Products Company, New Brunswick, NJ, USA) were used to formulate the isovolumetric treatments (300 ml). Organic orange extract (1 ml, Flavorganics, Newark, NJ, USA) was also added to the treatments to improve palatability and aroma, and to mask differences in taste among them. In experiment 2, treatments consisted of the inclusion of 75 g of carbohydrate from the disaccharide sucrose (Redpath Sugar, Tate and Lyle North American Sugars, Toronto, ON, Canada) in solid and liquid forms and its monosaccharide component mixture of G50:F50 in liquid form. These sugars were selected as treatment because the primary assumption of the proposed relationship between sugars and obesity has focused on the hypothesis that these sugars in liquid form in commonly consumed beverages enhance caloric overconsumption. 24 Sugars such as D-glucose monohydrate (Now Natural Foods, Bloomingdale, IL, USA) and pure fructose (Grain Process Enterprises, Scarborough, ON, Canada) were used for formulation of the G50:F50 treatment. Treatments were isocaloric (300 kcal), isovolumetric (300 ml) and all, including the control, contained 6 g of gelatin.
Owing to the sweetness of the sugars, the water control was sweetened with sucralose (0.13 g) as in previous studies. 20 As 75 g of sugar in 300 ml of water is very sweet, lemon concentrate (Equality, the Great Atlantic and Pacific Company of Canada, Toronto, ON, Canada) was added to provide an acceptable level of sweetness and palatability. In experiment 3, the treatments were 50 g protein from sweet whey protein (NZMP Whey Protein Concentrate 392, Fonterra Co-operative Group, New Zealand) and acid whey protein (Kraft Foods, Chicago, IL, USA) in solid and liquid forms. Whey protein was selected because whey protein suppresses FI more than sugar and egg albumin when consumed in liquid form, 21 and it is often consumed in beverage forms. However, a comparison of its effect when consumed in liquid and solid forms has not been reported. Sweet and acid whey protein were compared because they differ in their content of caseinomacropeptide and glycomacropeptide (GMP, a glycosylated form of caseinomacropeptide), which are bioactive peptides naturally present in milk protein and affect FI regulation. [25] [26] [27] [28] Sweet whey protein is a by-product of solid cheese production (for example, cheddar cheese) and contains 15% GMP, whereas acid whey protein, a by-product of soft cheese production (for example, cottage cheese), is GMP free. All treatments were equalized for calories (300 kcal), nutrients (50 g protein, 10 g carbohydrate and 4 g fat) and volume (300 ml), and with 6 g gelatin added to provide different physical states. To improve palatability, 1 g of orange-flavored energy-free sweetener (1 g Kool-Aid; Kraft Canada, North York, ON, Canada) was added to treatments, and water was used as
Form of sugar and whey and food intake T Akhavan et al a control (300 ml). All preloads were served chilled. Solid forms were of a texture similar or slightly harder than cubes of jello and were served in a plate and eaten with a knife and fork. After consuming the food items that are a part of the treatments, subjects were given 100 ml of water to eliminate the aftertaste of preloads.
Before the experiments, palatability (in experiments 2 and 3) and sweetness (in experiment 2) of treatments were judged to be similar by a test panel of 10 volunteers, similar to study participants' rating.
Protocol
Similar to previous studies, 20, 22 participants were provided with an outline of the studies and requested to complete the initial screening requirements, including a baseline information questionnaire, and sign consent forms. Subjects were asked to maintain consistent levels of activity the day and morning before each session, refrain from alcohol consumption and unusual activity the night before the session, consume a similar meal the night before each test session and attend all sessions at the same time and on the same day of the week. The time of the test session was controlled by asking participants to consume their breakfast and start all sessions at the same time. Subjects were provided a standard breakfast consisting of a single serving of a ready-to-eat breakfast cereal (Honey Nut Cheerios, General Mills, Mississauga, ON, Canada), a 250 ml box of 2% milk (Sealtest Skim Milk, Markham, ON, Canada) and a 250 ml box of orange juice (Tropicana Products, Bradenton, FL, USA). Four hours after consuming their breakfast at home, subjects were scheduled to present themselves at the Department of Nutritional Sciences between 1000-1300 h, with a 1-week time interval between each session. They were asked not to consume anything between the breakfast and study session, except for water up to 1 h before the session. On arrival, participants filled out a Sleep Habits and Stress Factors questionnaire. 20, 22 If these did not reflect their usual pattern, they were asked to reschedule. Visual analog scale questionnaires measuring subjective average appetite (Motivation to Eat) and physical comfort were completed before the treatments. In experiments 1 and 2, a capillary blood glucose sample was obtained 22 before treatment.
Subjects consumed one of the food items of the treatments over a span of 5 min following the completion of the sweetness and palatability visual analog scales. Subjective average appetite was measured in all experiments, and in experiment 1 and 2, blood glucose levels were measured at 15, 30, 45 and 60 min after treatment. At 60 min, participants were served an ad libitum pizza lunch (McCain Foods, Florenceville, NB, USA) and a bottle of water (Canadian Crystal Spring, Mississauga, ON, Canada). Participants were fed their ranked preference for three varieties of pizzas (deluxe, pepperoni and three cheese). These pizzas do not have a crust extending beyond the filling, which results in a pizza with a uniformly distributed energy content (average, 226 kcal 100 g À1 ) and size (5 00 diameter). The mean protein, fat and carbohydrate contents of the three varieties of pizzas were 10.0, 7.6 and 26.6 g, respectively. Each cooked pizza (8 min at 430 1F, and cut into four pieces) was weighed before serving. Participants were served two pizzas of their first choice, and one each of their second and third choice per tray. A second identical hot tray was presented in 10 min and the first tray was removed. Subjects were instructed to eat until they were 'comfortably full'. On termination of the test meal, subjects rated the palatability of the pizza and completed a postmeal Motivation to Eat visual analog scale questionnaire. Energy intake from the pizza was calculated from the weight consumed and the compositional information provided by the manufacturer. Water intake was measured by weight (g).
Cumulative energy intake was calculated by adding the energy consumed from treatment to the energy consumed at the test meal. 20 Caloric compensation, expressed as percentage, was calculated by subtracting the calories consumed after treatment from that after control, divided by the calories in the treatment and multiplied by 100. Caloric compensations of o100% indicate that the subject had low compensation for the preload energy at the test meal, whereas scores 4100% indicate overcompensation for treatment energy at the test meal. A composite score of the four on the Motivation to Eat visual analog scale was calculated to obtain the average appetite score as described previously 20, 29 and was used as a summary measure of subjective average appetite for analyses. Blood glucose was measured by a glucose meter (Accu-Chek Compact, Roche Diagnostics Canada, Laval, Quebec, Canada) from capillary blood samples obtained by a finger prick using Monojector Lancet Devices (Sherwood Medical, St Louis, MO, USA). 20, 22 Statistical analysis To conduct statistical analyses, SAS version 9.1 (Statistical Analysis Systems, SAS Institute, Cary, NC, USA) was used in all three experiments. Two-way repeated measures analysis of variance (ANOVA) using the Proc Mixed procedure was used to analyze the effects of time, treatment and their interaction on outcome variables measured over 60 min. When an interaction was statistically significant, one-way ANOVA using the Proc Mixed procedure was followed by Tukey's post hoc test to identify mean differences among treatments at each time of measurement.
One-way ANOVA using the Proc Mixed procedure was used to determine the effect of the treatments on outcome variables such as food and water intakes at 60 min, palatability of treatments and pizza, physical comfort, perceived sweetness (experiments one and two) and net incremental area under the curve (AUC) calculated for average appetite and blood glucose in experiments 1 and 2.
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Pearson's correlation coefficients were analyzed on dependent measures. Significance was set at Po0.05. Data are presented as mean ± s.e.m.
Results
Subjects
In experiment 1 (n ¼ 14), experiment 2 (n ¼ 15) and experiment 3 (n ¼ 14), subjects had a body mass index of 22.5±0.4, 22.1 ± 0.5 and 22.7 ± 0.3 kg m
À2
, age of 21.9 ± 0.6, 21.4 ± 0.4 and 23.6 ± 0.9 years and weight of 69.7 ± 1.6, 68.5 ± 2.6 and 67.5±1.7 kg, respectively.
Food intake
In experiment 1, food and water intakes, cumulative energy intake and caloric compensation were not affected by the gelatin and/or sucralose treatments ( Table 1 ), indicating that addition of 6 g gelatin and 0.13 g sucralose to the treatments does not affect FI 1 h later compared with the water control. Thus, in subsequent studies, gelatin was used in the formulation of the physical states of the treatments and sucralose was used as the energy-free sweetener to mask the taste difference among treatments.
In experiment 2, food and water intakes at the test meal and caloric compensation were not significantly different among the liquid and solid sugar treatments (Table 2) . However, compensation for the energy content of the sugar treatments at the next meal was low, averaging only 34%. As a result, all sugar treatments resulted in a greater cumulative energy intake than did treatment with the energy-free sweet control (Po0.05) ( Table 2) .
In experiment 3, treatments of acid and sweet whey protein in both solid and liquid forms suppressed 1 h FI compared with the water control (Po0.0001), but were not different from each other ( Table 3) . Water intake at the test meal and caloric compensation were not different between treatments (Table 3 ). All whey protein treatments resulted in caloric compensation of approximately 80%, except liquid acid whey protein, for which compensation was 4100%.
Average appetite score
In experiments 1 and 2, average appetite scores were affected by time (Po0.0001), but not by treatment or a time-by-treatment interaction (Figures 1a and b) . Average appetite responses were lowered at 15 min (in both experiments) and 30 min (in experiment 2) compared with other measured times.
In experiment 3, average appetite scores were affected by treatment (Po0.0001), time (Po0.0001) and treatment-bytime interaction (Po0.0001) (Figure 1c) . Compared with water control, all whey protein treatments reduced average appetite at 15 and 30 min (Po0.0001; Figure 1c) . At 45 min, all whey protein treatments, except liquid sweet whey, were more satiating (Po0.0001), but at 60 min, only solid sweet whey reduced average appetite compared with control (Po0.001).
Average appetite AUC In experiment 1, average appetite AUC (0-60 min) was reduced by solid compared with liquid gelatin treatment (Po0.05), suggesting a greater satiating effect of solid vs f Gelatin (6 g) per 300 ml in solid form. g Gelatin (6 g) per 300 ml in liquid form.
h Gelatin (6 g) + 0.13 g sucralose per 300 ml water). Form of sugar and whey and food intake T Akhavan et al liquid gelatin treatment (Figure 2a) . In experiment 2, there was no significant difference on average appetite AUC between the sugar treatments, whether in liquid or solid form, and the sweet control (Figure 2b ). In experiment 3, the average appetite AUC following all whey protein treatments was reduced compared with water control (Po0.0001) (Figure 2c ). In addition, solid compared with liquid sweet whey protein was more satiating as shown by significantly lower average appetite AUC (Po0.0001).
Blood glucose concentration
In experiment 1, blood glucose concentration was affected by time (Po0.0001), but not by treatment or time-by-treatment interaction (Table 4) . Overall, the mean blood glucose concentration was significantly higher at 60 min than at baseline (5.1±0.0 vs 5.0± 0.0; two-way ANOVA, Po0.0001).
In experiment 2, blood glucose concentrations were affected by time (Po0.0001), treatment (Po0.0001) and by time-by-treatment interaction (Po0.0001) (Table 4) . Overall, the mean blood glucose concentration was the lowest at baseline (4.8 ± 0.1), followed by at 60 min (6.3 ± 0.2), which was lower than blood glucose concentration at 15 and 45 min (6.9 ± 0.2 and 7.2 ± 0.2, respectively), and was the highest at 30 min (8.1 ± 0.3; two-way ANOVA, Po0.0001).
At baseline, there was no difference on blood glucose concentration among the treatments. Compared with sweet control, all sugar treatments increased blood glucose concentrations over 60 min (Po0.0001). There was no difference between sugar treatments on blood glucose response at any measured times, except at 15 min, when sucrose solid led to a lower blood glucose response than did the G50:F50 liquid treatment, but did not differ from treatment with sucrose liquid.
Blood glucose AUC In experiment 1, there was no significant difference on blood glucose AUC between treatments (Table 4) . In experiment 2, 1 (n ¼ 14) , 69.7 ± 1.8 mm in experiment 2 (n ¼ 15) and 77.0 ± 1.5 mm in experiment 3 (n ¼ 14). In experiments one and two, the average appetite score was affected by time (Po0.0001), but not with treatment or treatment-by-time interaction. In experiment 3, treatment (Po0.0001), time (Po0.0001) and treatmentby-time interaction (Po0.0001) affected average appetite scores (Two-way ANOVA). S, solid form of the treatment; L, liquid form of the treatment.
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Discussion
These studies indicate that consumption of liquid and solid forms of sugars and proteins elicits similar responses in later FI when the treatments are not familiar food forms and when the caloric content, volume, macronutrient composition and taste of the treatments are similar. Subjective appetite was reduced by solid compared with liquid gelatin and with sweet, but not with acid whey or sugars. Compensation at the test meals for the energy content of the sugar treatments was only one-third of that found after whey treatments. Thus, macronutrient composition of a food or beverage may be more important than its liquid or solid states. The present studies are the first to test the hypothesis that liquid calories are less satiating than solid calories by using pure macronutrients and similar tastes, ingredients, volumes and matrices to eliminate the confounding factors of taste, texture, smell, structure and familiarity of foods. A previous study concluded that a solid breakfast was more satiating than liquid, but the results were confounded by a design in which gelatin or fiber were added to create solid forms of treatments, but were not added to the liquid control. 11 In these studies, gelatin addition was deemed appropriate for comparing liquid and solid forms for the following reasons. First, by adding gelatin to the control beverages immediately before they were consumed, the treatment would be expected to remain in liquid form because gelatin does not gel in water at room or body temperature, and therefore does not in the stomach. 23 Second, gelatin alone, whether in liquid or solid form, had no effect on average appetite scores or FI compared with the water control, its addition to sugar or whey protein. Finally, gelatin addition had no detectable effect on blood glucose (Table 4) , as previously shown in even higher doses, 30 further supporting its use as a vehicle for these comparisons. Power analyses, with a-level of 0.05 and the power of 0.8, from experiments 2 and 3 suggest that a sample size of 5000 and 168 subjects would be required to detect a significant difference between solid and liquid forms of sugars and whey protein, respectively. Unlike sugars, both solid and liquid forms of whey protein suppressed appetite and FI compared with control, consistent with previous reports that protein is more satiating than carbohydrate. 21, 28, [31] [32] [33] Caloric compensation was three times more at a meal following protein consumption than carbohydrate (Table 2 and 3) . In this study, sweet and acid whey proteins were compared because they differ in GMP content. On the basis of the information provided by the whey protein manufacturer (NZMP, Fonterra Co-operative Group Limited, New Zealand), sweet whey contains 15% GMP, but acid whey contains no GMP. Sweet whey suppresses FI more than casein at 60 min; 25, 26, 34, 35 and GMP stimulates cholecystokinin, a gastrointestinal hormone known to suppress short-term FI. [34] [35] [36] However, no differences in the effect of the source were found, suggesting that the presence or absence of GMP in whey preloads did not influence the effect of whey protein on satiety or FI at a test meal in agreement with previous reports. 37, 38 Blood glucose concentrations were measured because they associate with satiety and food intake 1 and may have been affected by an insulinotropic effect of gelatin, 30 or by different absorption rates of the liquid and solid sugars, thus confounding interpretation of results. However, treatments of gelatin or the disaccharide sucrose and its monosaccharide equivalent of G50:F50 in both liquid and solid forms did not Form of sugar and whey and food intake T Akhavan et al differentially influence blood glucose (Table 4 ), except at 15 min when the liquid G50:F50 mixture led to a higher blood glucose than did solid sucrose. This result indicates that the liquid G50:F50 mixture was more quickly absorbed, perhaps because of more rapid absorption of free monosaccharides compared with the dissaccharide that needs to be digested first. The glucose AUC response to both sucrose with gelatin and the G50:F50 mixture with gelatin was similar, as found in a comparison of the effect of these sugars without gelatin on blood glucose and insulin concentrations. 20 These findings indicate that there may be a weak effect of food form on subjective feelings of satiety immediately after treatment consumption because of the cephalic phase of ingestion, 39 independent of physiological actions of solids and liquids in the stomach or small intestine. Unlike sugars and acid whey, sweet whey protein and gelatin in solid form suppressed subjective appetite AUC more than did liquid forms ( Figure 2) . However, the effect of the physical state of treatment did not affect FI at 1 h, showing a disconnect between subjective feelings and FI, as is often observed.
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It is also possible that this study did not test the effect of familiar foods in solid compared with liquid forms. Gelatin may not have retained its solid form in the stomach and may not have slowed stomach emptying as might be expected from a solid food of complex composition (for example, an apple). 13, 14 However, a previous report showed that solid and liquid meals of similar calorie content led to a similar gastric emptying rate. 41 Therefore, an examination of stomach emptying rate as an explanation of differences in satiety and energy intakes after liquid and solid forms of a food with similar macronutrient and energy content may be informative.
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